The aim of the research was to determine deposition of zinc on soybean plants sprayed in three development phases: 2, 4 and 6 specific leaves. The spraying involved the following parameters: speed was 0.86 m s −1 , pressure: 0.20 and 0.28 MPa, standard nozzles: flat fan XR 110-02 and double flat fan DF 120-02. Soybean plants of Pollux variety were sprayed, with foliar fertilizer Mikrovit Zinc 112 and the preparation containing zinc nanoparticles. The dose of both preparations amounted 160 g Zn ha −1 . After spraying, the plants were cut, dried, and mineralized. Zinc content in the samples was measured with atomic absorption spectrometer. The highest values of zinc deposition soybean plants were recorded DF 120-02 nozzle, regardless the spraying parameters, as well as soy development phase. The use of nanozinc and DF 120-02 nozzle in 4 leaves development phase caused higher values of zinc deposition 12.5% (0.20 MPa) and 15% (0.28 MPa), while in 6 leaves phase, the mentioned values increased by 13% (0.20 MPa) and 3.6% (0.28 MPa), as compared to the ones obtained for the foliar fertilizer. The highest values of nanozinc deposition using DF 120-02 nozzles were recorded at 0.20 MPa pressure: 179.1 mg kg −1 (2 leaves phase) and 178.0 mg kg −1 (6 leaves phase), as well as at 0.28 MPa pressure: 127.7 mg kg −1 (4 leaves phase). In comparison with flat fan nozzle XR 110-02, the use of double flat fan nozzle DF 120-02 increased zinc deposition by 151, 110, and 90%, respectively. Statistical analysis of the test results showed a significant effect of the type of nozzle used for spraying on the value of zinc deposition on soybean plants.
Introduction
In the recent years, the possibility of using nanomaterials in a number of areas of life like technology, industry, medicine, or agriculture has been observed. Nanomaterials enable detection of enzymes and are able to decompose organic contaminants. Nanoparticle biodetectors and photocatalysts provide monitoring, control, and the improvement in ecosystem conditions, and they are often used to clean sewage, as well as to degrade textile and food colouring (Gnanasekaran et al. 2017; Gupta et al. 2017; Manoj et al. 2018; Qin et al. 2017; Rajendran et al. 2016 Rajendran et al. , 2018 Saravanan et al. 2013 Saravanan et al. , 2018 .
Accumulation of excessive amount of organic contaminants in the environment can result from, e.g. the use of fertilizers containing nutrients, whose remains flow to surface and ground Waters, therefore, being a threat to human and animal health, as well as to the whole ecosystem (Gupta and Ali 2013) . Pesticides are one of the main sources of chiral contaminants in the environment (Basheer 2018) . Even trace residues of these chemical compounds in crops and the Earth`s ecosystem penetrate tissues of human organism and can cause different diseases. Yet there do exist a number of precise analytical techniques which allow to detect contaminants (including ions) of very low concentrations. These methods were described in details in the works by Ali et al. (2009) , as well as Ali and Aboul-Enein (2006) .
Zinc is an element necessary for proper functioning of the human body. The daily demand for this element is, depending on age, from 3 to 19 mg/day. Zinc is supplied to the human body mainly with food (Gapys et al. 2014; Wołonciej et al. 2016) . Deficiency of this microelement is associated with a wide range of physiological problems, including growth impedance, delayed puberty (Prasad 2014; Tian and Diaz 2012) , impaired sense of smell and taste, cognitive impairment, and can even lead to autism (Gapys et al. 2014) . Zinc deficiency also affects the increased susceptibility infectious diseases, reduced physical fitness and work efficiency, and poor birth results in pregnant women (Black et al. 2008; Cakmak and Kutman 2018; Gibson 2012; Krebs et al. 2014; Terrin et al. 2015) . Cakmak et al. (2010) observed that foliar application of zinc has significantly increased its concentration in wheat grains, compared to soil fertilization. The use of foliar fertilizers is a very easy and fast way to replenish the missing micronutrients in plants. However, excessive application of agrochemicals, whose residues bring about contamination of the whole ecosystem, still remains a considerable problem. Therefore, the main direction for modern and pro-ecological plant protection is finding the possibilities and ways of diminishing the hazards to the environment, especially to living organisms, as well as to surface and groundwater, caused by agrochemicals. It is essential to reduce the amount of agrochemicals and, at the same time, to achieve high efficiency of plant treatments. One of the factors providing the best quality, meaning the most efficient spraying treatments, is choice of an appropriate nozzle for particular treatments.
Therefore, the aim of the study was to determine the amount of zinc-deposited soybean plants in three development phases (2, 4, and 6 leaves), depending on the type of preparation used for their treatment and selected parameters of the spraying process (type of nozzle and pressure).
The research was carried out in 2017 in two stages. 
Materials and methods
In the first stage of the investigation, a greenhouse experiment was established using a modified first-generation phytotest (Sekutowski 2011 ). Soybean plants of Pollux variety were used for the study. The experiment was divided into three series defining the development phases of the plant according to the Biologische Bundesanstalt, Bundessortenamt and CHemical industry (BBCH): 12 BBCH (2 leaves), 14 BBCH (4 leaves), 16 BBCH (6 leaves), three replicates in each series (meaning three different plants). Plants were sown in pots of 15 cm diameter. The peat-mineral mix (pH = 6.5) and sand (0.6-0.8 mm diameter) in the ratio 2:1 were the sowing surface. Plants were grown under greenhouse conditions. After 14 days, the soybean plants reached the first development phase 12 BBCH, after subsequent 13 days, the second phase (14 BBCH), and then, the next 14 days, the third phase (16 BBCH).
The spraying of plants was performed in the "Aporo1" spray chamber with constant spraying rate of 0.86 m s −1 . Two standard nozzles were used for the treatment: flat fan nozzle XR 110-02 (Tee Jet) and double flat fan nozzle DF 120-02 (Lechler). The spraying was carried out at pressure of 0.20 and 0.28 MPa. The droplet size produced by the tested nozzles was determined in accordance with the ANSI/ ASAE Standard 572.1 (2009). The research was carried out in the laboratory at the Industrial Institute of Agricultural Engineering in Poznan (Poland) using the "Spraytec" laser particle spectrum analyser (Malvern Instruments). Both nozzles were classified as fine at both pressures. The nozzle spray flow at the pressure of 0.20 MPa was equal 0.65 L min −1 , while at the pressure of 0.28 MPa, it was 0.79 L min −1 . The nozzles were set at the height of 0.5 m from the sprayed plants. The plants were sprayed with Mikrovit Zinc 112 foliar fertilizer and the preparation containing zinc oxide nanoparticles of < 50 nm size (Sigma Aldrich). The same dose of preparations 160 g Zn ha −1 was used. Creating preparations, 160 g of zinc, was mixed with 250 L of water per ha at pressure of 0.20 MPa and 300 L of water per ha at pressure of 0.28 MPa. The air temperature during the spraying of plants ranged 20 °C , and humidity was 60%. In the second stage, laboratory tests were conducted, and in order to determine the deposition of zinc on the studied plants, the mineralization was performed by the microwave 'wet' dissolution technique using nitric acid HNO 3 (Chemprum, 65%, pure p.a.). The sprayed plants were cut 24 h after the treatment, dried, ground, weighed, and then 5 ml of HNO 3 acid was poured and sealed in XP 1500 Teflon dishes. The samples were mineralized in the Mars 5 microwave oven (CEM, USA). Then, due to the atomic absorption method, Zn content in mineralized plants was measured using (SpectrAA 240, Varina, Australia) spectrometer. The correctness of the determinations was verified with the reference material NCS ZC73031Carrot.
Statistical analysis
Statistical analysis was done according to the Statistica 12.5 program. In order to verify the applicability, the analysis of variance was conducted, with normality test (Shapiro-Wilk) and a homogeneity test of variance (Test Levene'a). Based on the obtained results, it was found that the data are not consistent with the normal distribution, and the variances are not homogeneous. Therefore, the nonparametric U Mann-Whitney test was performed in developmental phases (12, 14, 16 BBCH) in order to determine the effect of the tested factors (type of preparation, type of the nozzle and pressure) on zinc deposition on soybean plants. The analysis was performed at the significance level of p = 0.05.
Results and discussion
The highest values of zinc deposit on soybean plants were observed using double flat fan nozzle DF 120-02, irrespective of the parameters of the spraying process and the development phase of plants (Figs. 1, 2 and 3) .
The use of the preparation containing nanozinc and double flat fan nozzle DF 120-02 for spraying resulted in higher values of zinc deposit on the soybean plants in the 14 and 16 BBCH development phase, regardless the pressure used for spraying, as compared to the values obtained for Mikrovit Zinc 112 foliar fertilizer (Figs. 2, 3) . At the pressure of 0.20 MPa for the DF 120-02 nozzle, 13% higher (phase 16 BBCH) and 12.5% higher (phase 14 BBCH) zinc deposit in the nanoform were noted, in comparison with the values obtained during spraying with a Mikrovit Zinc 112 foliar fertilizer (Figs. 2, 3) . However, when spraying plants with nanopreparation at a pressure of 0.28 MPa, increase in zinc deposit for the DF 120-02 nozzle occurred by 15% (phase 14 BBCH) and by 3.6% (phase 16 BBCH), compared to the values for the Mikrovit Zinc 112 foliar fertilizer (Figs. 2, 3) .
The highest values of zinc deposit through the DF 120-02 nozzle, while spraying plants with nanopreparation, were at pressure of 0.20 MPa: 179.1 mg kg −1 (development phase BBCH 12) and 178.0 mg kg −1 (development phase BBCH 16). Compared to the zinc deposition in the nanopreparation at pressure of 0.20 MPa for the flat fan nozzle XR 110-02, the introduction of double flat fat nozzle DF 120-02 increased the deposit by 151% (BBCH 12) and by 110% (BBCH 16) (Figs. 1, 3) . However, for the 14 BBCH development phase, the highest values of zinc deposit on the soybean plants were recorded during spraying with the preparation containing the nanocolloid particles at pressure of 0.28 MPa, and this value equalled 127.7 mg kg −1 (Zn deposit obtained by the flat fan nozzle XR 110-02) (Fig. 2) .
As it can be seen in Fig. 1 , in general, the higher zinc deposit on soybean plants in the 12 BBCH development phase was recorded for spraying with Mikrovit Zinc 112 foliar fertilizer, regardless the type of nozzle and pressure, in relation to the nanopreparation. The exception was noted when spraying soybean in the 12 BBCH phase with a nanopreparation, at the pressure of 0.20 MPa, where higher zinc deposit by 2% was obtained for double flat fan nozzle DF 120-02 compared to the values obtained for the Mikrovit Zinc 112 foliar fertilizer (Fig. 1) .
The use of the flat fan nozzle XR 110-02 for the treatment resulted in higher zinc deposit on soybean plants during spraying with Mikrovit Zinc 112 foliar fertilizer, regardless the pressure and plant's development phase, in comparison with the deposition of the product obtained during spraying with nanozinc (Figs. 1, 2 and 3 ). The spraying of soybean plants with Mikrovit Zinc 112 foliar fertilizer, at pressure of 0.20 MPa, with the XR 110-02 nozzle resulted in higher zinc deposit by 151%, as compared to the value obtained using preparation containing nanocolloid particles (12 BBCH) (Fig. 1) . The exception was noted during soybean spraying in the 16 BBCH development phase at a pressure of 0.28 MPa, where higher zinc deposit on plants was obtained for the XR 110-02 nozzle by 3.6%, using nanozinc for spraying, compared to the values obtained for the Mikrovit Zinc 112 foliar fertilizer (Fig. 3) .
The results of statistical analysis research carried out for soybean plants in three sprayed development phases are presented in Table 1 . The influence of the selected factors (nozzle, type of preparation, pressure) on the values of dependent variable (deposit) was evaluated.
On the basis of the statistical analysis results, it was found that the type of a nozzle has a statistically substantial significance the value of zinc deposition at all development stages of soybean plants (Table 1) . There was no statistically significant effect on the values of the dependent variable (deposit) of the type of preparation sprayed on plants and the magnitude of the pressure at which the convergence was performed. Both the type of the preparation and the pressure parameters had no significant statistical effect (at the significance level of p = 0.05) on zinc deposition in all three sprayed development phases of soybean plants (12, 14, 16 BBCH) .
In order to determine the deposition of the spray liquid on the sprayed objects, the scientists use different metallic tracers, e.g. manganese sulphate (Costa et al. 2013) , copper oxychloride (De Souza Christovam et al. 2010) , copper oxide (Raetano and Bauer 2003) , or zinc sulphate (Boonchuay et al. 2013; McBeath and McLaughlin 2014) . The above-mentioned authors measured the concentration of the tested tracers using a spectrometer. In our research, two tracers based on the zinc element (foliar fertilizer Mikrovit zinc 112 and a nanozinc preparation containing particles of the < 50 nm size) were used. In the conducted studies, higher values of zinc deposit on soybean plants sprayed in the 14 and 16 BBCH development phase were obtained while using nanopreparation and DF 120-02 nozzle for spraying, regardless the pressure, compared to the value deposit obtained for the plant spraying with a Mikrovit Zinc 112 foliar fertilizer. But this founding was not confirmed by statistical analysis.
De Souza Christovam et al. 2010 determined the deposit of a copper tracer on the samples in the form of filter papers placed on soybean plants. Using the nozzle with an auxiliary air stream and standard XR 8002 flat fan nozzles and rotary LVO (low-volume oily) nozzles, they found that the speed of air produced by the fan not affect the amount of spray deposit on the leaf surfaces in the upper part of soybean plants. In this research, standard nozzles were used for spraying soybean: flat fan nozzle XR 110-02 and double flat fan nozzle DF 120-02. Higher values of zinc deposit on the plants using the DF 120-02 nozzle for spraying, irrespective of the plant's development phase, pressure, or type of preparation were observed. Cakmak et al. (2010) studied Zn concentration in various parts of wheat grain, using soil fertilization and foliar fertilization at various stages of plant development. They found that foliar deposition of zinc significantly increased its concentration in wheat grains. They also observed increased absorption of zinc by plants during fertilization with additional dose of nitrogen. Moreover, they observed that the use of foliar fertilizers containing Zn in the last phases of plant growth increased the absorption of zinc by wheat grains. Boonchuay et al. (2013) , on the other hand, examined how the zinc concentration in rice grains can be increased by the application foliar fertilizer at different development phases of the plant. They stated the amount of zinc in rice grain can be effectively increased by spraying with foliar fertilizer after the flowering phase of the plant. In these studies, the authors did not take into account the conditions of the spraying process, nor did they analyse the most important parameters, such as the nozzle, preparation, or pressure. Our research has shown that not only the development phase, but above all the way of applying foliar fertilizers affects the content of the studied element in plants. It is unwise to assess the content of zinc in plants or grains, not taking into account the parameters of the spraying process, and especially, the type of the nozzle and the size of the drops produced by the nozzle.
Many researchers, during study conducted with the application of plant protection products and foliar fertilizers, forgot that the droplet size is one of the most important factors determining the effectiveness of spraying which covers the sprayed object. Therefore, one should choose the right type of nozzle adopted to technical and technological conditions prevailing during the spraying operation. Nuyttens et al. (2007) and Douzals (2012) in their research confirmed the fact that the size of droplets, and hence the quality of spraying, are the most important factors affecting the efficiency of spraying convergence and the amount of losses of plant protection products used. It should be remembered that one of the methods of obtaining a more precise distribution of the active substance on sprayed plants is proper selection of nozzles (Cunha et al. 2008) . Nozzles are the most important elements of sprayers because their type depends on the spraying spectrum, the homogeneity of the spray pattern distribution, and the spray volume (Fernandes et al. 2007; Nuyttens et al. 2007 ). The statistical analysis of the presented research results showed that the type of nozzle has a significant impact on the deposition of zinc tracer on soybean plants in development phases. Costa et al. (2013) examined the effect of the liquid dose and the angle of inclination of nozzles mounted on the beam on manganese deposit on soybean leaves. The TT8B centrifugal energy nozzle, nozzles that use hydraulic energy, and wide-angle flat nozzles TT11002 were used for spraying. These researchers found that modification of nozzle deviation from the beam increases the spray deposit on plants, but it also depends on the applied spray dose. In addition, they observed that flat fan nozzles are characterized by higher deposition of the analysed spray on soybean plants, compared to the rotary disc nozzles. The research results obtained by the authors prove that flat fan nozzles that produce two streams of liquid are characterized by higher amount of zinc applied to soybean plants than flat fan nozzles producing one stream of liquid.
Many researchers describe the deposition of a usable liquid on plants using samplers in the form of filter papers (Celen et al. 2009; De Souza Christovam et al. 2010; Sánchez-Hermosilla et al. 2012) . The location of the samplers directly on the sprayed plants cause measurement errors resulting from deformation of the leaves loaded by the samplers placed on them. Therefore, to determine the value of zinc deposit on soybean plants sprayed in our experiments, a representative sample selected from the whole sprayed plant was tested. The highest values of zinc trace deposit and nanozinc were recorded the BBCH 12 development phase of soybean plants, and they amounted 176.0 (Zn) and 179.1 (Zn nano) mg kg −1 of dry matter, at pressure of 0.20 MPa for the nozzle DF 120-02. The lowest values of zinc tracer deposit were determined during soybean spraying in the BBCH 14 development phase, and they ranged from 70.0 to 110.7 mg Zn kg −1 of dry matter, while for nanozinc tracer, they ranged from 68.4 to 127.7 mg Zn kg −1 of dry mass. Total zinc content in soybean plants was the lowest in 14 BBCH phase, while the highest in 12 BBCH phase. Because the prevalence of Zn deficiency in human organisms is associated with low intake of zinc in foods and the consumption of plant products is common throughout the world, special attention should be paid to the need for using foliar fertilizers for plants. As the research by many scientists has shown, the use of foliar fertilizers is a very easy and fast form that supplements minerals in arable crops.
Conclusion
According to the change of plant development phase, soybean plants increase their surface expose to spraying. The research by the authors proved that the amount of zinc absorbed by soybean is very similar and only to a low degree depends on particular phases of plant development.
Statistical analysis of research results indicated significant effect of the type of nozzle used for spraying on the value of zinc deposit on soybean plants. The use of double flat fan nozzle DF 120-02 resulted in higher zinc deposit on soybean plants, regardless the type of preparation, pressure and plant development phase, compared to the values obtained for flat fan nozzle XR 120-02. The use of the preparation containing nanozinc and double flat fan nozzle DF 120-02 resulted in higher values of zinc deposition on soybean plants in the 14 and 16 BBCH development plants, irrespectively of the pressure used for spraying, compared to the values obtained for foliar fertilizer Mikrovit Zinc 112. The flat fan nozzle XR 110-02 enabled higher zinc deposit on soybean plants during spraying performed with Mikrovit Zinc 112 foliar fertilizer, regardless the pressure the treatment was carried out with and the development phase of plants, in relation plant, compared to the deposit values obtained while spraying plants with the preparation containing nanozinc.
The most considerable effect on zinc absorption by plants belonged to the type of a nozzle. In further research the authors are going to confirm the relation between the sizes of the sprayed plant surface in particular phase of plant development and the amount of zinc absorber by plants after spraying. In the future, the results of conducted research will enable reduction in the use of agrochemicals by farmers who will apply nanoelements, as well as appropriate types of nozzles. The obtained results can prove innovative approach involving making use of the size of the nozzle surface and spraying with nanoelements, which translates to the reduction in the amount of agrochemicals used by farmers. In that case the possibility of reducing the quantity of agrochemicals in the whole ecosystem would become a fact which would significantly improve the environmental conditions.
